Introduction
============

RNA interference is a potent and specific gene silencing approach[@cit1],[@cit2] which usually requires short double-stranded RNA and results in RISC formation and Dicer processing.[@cit3],[@cit4] Generally, two strategies are used to produce double-stranded RNA: (1) precursor shRNAs are transcribed endogenously from plasmids into shRNAs by RNA polymerases, followed by Dicer processing to produce active siRNAs within cells; (2) chemically synthetic siRNAs are formed by two complementary single-stranded RNAs. Although shRNA is more biologically relevant, synthetic siRNAs are currently still the most widely used for both laboratory and clinical applications.[@cit5]--[@cit9]

Despite the potency and specificity of siRNAs in gene silencing, spatial and/or temporal regulation of siRNA activity is still difficult due to the constitutive transcription of shRNAs or delivery obstacles of siRNAs. Similar to other reported photolabile oligonucleotides,[@cit10]--[@cit29] photolabile siRNAs have been developed to achieve dedicated regulation of gene expression.[@cit30]--[@cit43] To date several approaches have been developed based on the unique structural properties of siRNAs and the processing of RNAi ([Fig. 1](#fig1){ref-type="fig"}). Disturbing a siRNA duplex conformation might interfere with the formation of siRNA/RISC complexes and/or further siRNA processing. Heckel *et al.* incorporated a 2-(2-nitrophenyl)propyl (NPP)-caged deoxyguanosine nucleotide in a siRNA antisense guide strand at the 9th to the 11th position. This modification approach did interfere with the formation of the siRNA/RISC complex, leading to compromised siRNA activity.[@cit37] In another study, Deiters *et al.* synthesized 6-nitropiperonyloxymethyl (NPOM)-caged guanosine and uridine phosphoramidites and site-specifically incorporated these caged nucleosides into the antisense guide strand of siRNAs at the cutting site and/or seed region.[@cit30] Stochastic labelling of the phosphate backbone of siRNA duplexes is another approach for the synthesis of photolabile siRNAs through coupling chemistry of the photolabile diazo moiety with phosphate groups.

![Summary of different approaches for caging siRNAs. (A) Caging moieties on nucleobases, the phosphate backbone and four terminal phosphates; (B) caged hairpin siRNA linked *via* a photocleavable linker; (C) caged dumbbell shaped siRNA with two ends linked *via* two photocleavable linkers; (D) caged circular siRNA with two ends of sense or antisense RNA linked *via* a photocleavable linker for this work.](c7sc03842a-f1){#fig1}

Friedman *et al.* reported DNMPE-caged double-stranded siRNAs to photomodulate the silencing of GFP expression without interrupting RFP expression in the cells.[@cit31]--[@cit33] Using a similar approach, 2′-F substituted siRNAs were caged and their RNAi activities on transient GFP repression were photomodulated in zebrafish embryos with spatial resolution.[@cit41] The number of caging groups per siRNA increased with higher DMNPE diazo concentration. Heavily caged siRNA led to the elimination of its gene silencing activity, but such repression could not be fully recovered with cell-affordable light irradiation.[@cit33],[@cit37],[@cit41] By attaching a large caging group (cyclododecyl 4,5-dimethoxy-2-nitrophenyethyl moiety) at all four terminal phosphate groups, caged sdRNAs were developed for preventing RNA processing and further gene silencing activity.[@cit34] Site-specific labelling of the terminal phosphate group was also achieved through the attachment of DMNPE or a biotinylated photocleavable linker.[@cit36] However, this modification approach is partially tolerated due to the intact 5′-phosphoester moiety. Previously in our lab, we caged each phosphate group of siRNA through site-specific incorporation of a photolabile nucleotide phosphoramidite and screened all possible caging phosphate positions for efficient photomodulation of siRNA activity.[@cit44] We recently reported caged siRNA modified with a single vitamin E at the 5′ terminal phosphate of antisense RNA and successfully achieved the photomodulation of RNAi-induced gene silencing, possibly due to the binding of vitamin E receptor protein.[@cit45] Another kind of caged siRNA was developed by linking an antisense guide strand with a complementary sense strand RNA *via* a photocleavable linker. Unfortunately, no improvement of the photomodulation of siRNA activity was observed.[@cit36]

Based on our and others' previous achievements on caged circular antisense oligonucleotides,[@cit19]--[@cit21],[@cit46] we further intended to develop a new generation of caged siRNAs with a circular structure. In the literature, usually sense and antisense strands are cyclized to form siRNAs or shRNAs with a dumbbell structure.[@cit40],[@cit47],[@cit48] Xi *et al.* reported circular dumbbell sdRNAs with an alkyl linkage. They found that this was more potent in RNAi gene silencing than their open-ended counterpart, likely due to their enhanced stability.[@cit48] Dmochowski *et al.* also reported a caged circular siRNA duplex with the dumbbell structure, where two photocleavable linkers were used to link the 5′ and 3′ ends of the sense and antisense siRNA strands ([Fig. 1C](#fig1){ref-type="fig"}).[@cit40] Different from previously reported circular RNAs, we proposed to develop a novel type of caged circular siRNA ([Fig. 1D](#fig1){ref-type="fig"}). Cyclization of the 5′ and 3′ ends of the sense or antisense single-stranded RNA was achieved to form a 21-nucleobase ring through both chemical and enzymatic cyclization methods, then a complementary RNA strand was hybridized to the caged circular RNA strand to form a caged circular siRNA duplex ([Table 1](#tab1){ref-type="table"}). Upon exposure to light, the circular siRNAs were restored to the corresponding linear ones with a 5′ terminal phosphate group of RNA oligonucleotides. Using a dual luciferase assay[@cit49] and GFP expression assay, photoregulation of firefly luciferase reporter gene expression and GFP expression was achieved by this new type of caged circular siRNA. Further *in vivo* studies confirmed that it was possible to achieve photomodulation of siRNA activity in a mouse tumor model using the caged circular siRNA.

###### The sequences of oligonucleotides used in the study and the linker structure

  -------------------------------
  ![](c7sc03842a-u1.jpg){#ugr1}
  -------------------------------

Experimental
============

General experimental procedures
-------------------------------

All chemical reactions in the synthesis of the photocleavable linker were performed under an inert atmosphere using dry reagents and solvents. Column chromatography was performed with silica gel 60 (200--300 mesh). ^1^H-NMR (400 MHz) and ^13^C-NMR (100 MHz) spectra were taken on Bruker AVANCE III-400 spectrometers and standardized to the solvent NMR peak. Mass spectra of small molecules were obtained on a Waters Xevo TQD Mass Spectrometer using electrospray ionization (ESI). The reactions were conducted in a dark room when necessary.

Purification of caged circular RNAs
-----------------------------------

Crude caged circular RNAs obtained from chemical synthesis or enzymatic synthesis were dissolved in PBS buffer and mixed with RNA loading buffer (0.25% bromophenol blue, 30% glycerol in DEPC-treated water). The solutions (6 μL per well) were loaded to 20% native PAGE (8.6 × 6.8 cm and 1 mm thick) gels. The gels were then electrophoresed at 80 V for 3 h, using Tris--borate--EDTA (TBE) buffer (pH 8.2). For each preparative gel, the two side lanes of the gel were cut and stained with SYBR Gold (Invitrogen) for gel imaging. The images were printed out according to the size of the gel in order to mark the location of the circular RNA without SYBR Gold stain. The gel at the marked location was cut, crumbled into tiny particles and immersed into TBE buffer at 37 °C overnight. After removing the solid gel particles through filtration, RNA solutions were desalted and concentrated using Millipore-amicon ultra-0.5 mL centrifugal filters (cutoff = 3000). The collected products were freeze-dried to the final caged circular single-stranded RNA.

The caged circular single-stranded RNA was dissolved in PBS buffer to make a 20 μmol L^--1^ stock solution and was then mixed with an equal amount of the linear complementary RNA to form the caged circular siRNA duplex. This duplex was annealed by heating to 80 °C for 5 minutes and subsequent cooling to room temperature for at least 1 hour for further use. *T*~m~s of linear and circular siRNAs were measured with a DU800 UV-Vis spectrometer with 1 μM concentration of the corresponding duplexes.

Characterization of RNA oligonucleotides
----------------------------------------

Single-stranded oligonucleotides (∼0.2 nmol) were dissolved in water/acetonitrile (50 : 50, 20 μL) containing 1% triethylamine to make a final concentration of 10 μM. The solutions were then analyzed with a Waters Xevo G2 Q-Tof spectrometer with electrospray ionization (ESI) in the negative ion mode.

The double-stranded siRNA was characterized with MALDI-TOF-MS. The matrix solution was made by dissolving 2,5-dihydroxybenzoic acid (DHB, 10 mg) in 50% acetonitrile/water solution (1 mL). The sample solution (10 μM, 0.8 μL) and the matrix solution (0.8 μL) were mixed and spotted on the surface of the sample plate. After the sample was dried, siRNA was then analysed with MALDI-TOF-MS according to the manufacturer's protocol.

Photocleavage ability of caged circular single-stranded RNA
-----------------------------------------------------------

Caged circular single-stranded RNA was diluted with PBS buffer (pH 7.2) to make a final concentration of 2 μM (30 μL). The solution (5 μL per well) was irradiated using a UV-LED lamp (365 nm, 7 mW cm^--2^) from the bottom of the plate for 0, 1, 2, 3, 4, 5 and 6 minutes. After mixing with 1 μL RNA loading buffer, the samples were subject to gel analysis for photocleavage study using 20% native PAGE under similar gel running conditions of RNA purification.

Serum stability of a caged circular siRNA
-----------------------------------------

Caged circular siRNA or control linear siRNA (10 μM, 2 μL) was incubated at 37 °C in enzyme buffer solution to make a final concentration of 2 μM (20 μL). 30% fetal bovine serum (FBS) was used for studying siRNA stability. 5 μL of solution was aliquoted at different time points, and immediately frozen in liquid nitrogen and then stored at --80 °C until assaying. 1 μL of 6× RNA loading buffer was added to the aliquots. The samples were run on 20% native polyacrylamide gels in 1× TBE buffer according to the procedure mentioned before.

Cell culture and RNAi assay (luciferase)
----------------------------------------

HEK293 cells were grown in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum, 2 mM [l]{.smallcaps}-glutamine, 100 units per mL penicillin and 100 μg mL^--1^ streptomycin (Life Technologies, Gibco). The cells were seeded into 24-well plates at ∼1 × 10^5^ cells per well one day before transfection (lipofectamine 2000). siQuant vectors (100 ng per well) carrying the target site of the siRNA were transfected into HEK293 cells at ∼50% confluence, together with the pRL-TK control vector (50 ng per well), with or without the control siRNAs or caged circular siRNAs (1 or 5 nM). The activities of both luciferases were determined by a Synergy HT fluorometer (BioTek, USA) and then firefly luciferase activity was normalized to *Renilla* luciferase for each well. The silencing efficacy of each siRNA was calculated by comparison with samples transfected with only vectors without siRNA treatment. For light-irradiated cellular experiments, after transfection, the cells were cultured for another 4 h, washed with PBS, and then irradiated using a UV-LED lamp (365 nm, 7 mW cm^--2^) from the bottom of the plate for 3 minutes.

Cell culture and RNAi assay (GFP expression assay)
--------------------------------------------------

HEK293 cells were trypsinized and seeded in 12 well plates with 1 mL 2 × 10^5^ cells mL^--1^ for each well. According to the standard transfection protocol, the reporter plasmids (pEGFP-N1, pDsReds-N2) and corresponding siRNAs were cotransfected to cells using Lipofectamine 2000 in optiMEM. After 4 h, cells in one set of experiments were irradiated to induce uncaging of photolabile circular siRNAs. Then all the cells were subject to their mediums being replaced with 1 mL fresh DMEM containing 10% FBS for each well. After another 20 h culture in the incubator, the images of each well were collected by automatic inverted fluorescence microscopy (Olympus, IX83) under the same condition. The excitation and emission wavelengths are 488 nm and 509 nm for GFP and 560 nm and 585 nm for RFP, respectively.

After plasmid and siRNA transfection and incubation under the same condition, the transfected cells were washed using 1× PBS buffer (pH 7.2) and trypsinized, and their fluorescence intensity was further quantified by flow cytometry (BD FACSAria II) with RFP gene expression as an internal control. All experiments were repeated at least three times.

Half-well patterning experiment
-------------------------------

HEK293 cells were trypsinized and then seeded in 6 well plates with 2 mL 2 × 10^5^ cells mL^--1^ for each well. After the cells were cotransfected with GFP (400 ng per well) and RFP (400 ng per well) plasmids as well as SG/c-AG (10 nM) for 4 h, black adhesive tape was aligned to cover half of each well to avoid light irradiation. Then the wells were irradiated for 3 minutes and the medium was replaced with 2 mL fresh DMEM containing 10% FBS. After incubation for another 20 h, the images were taken by automatic inverted fluorescence microscopy and were analyzed using Volocity Demo 6.1.1.

Animal experiment
-----------------

Six-week-old BALB/c nude mice (Department of Laboratory Animal Science of the Peking University Health Science, Beijing, China) were subcutaneously injected in the inner left and right thighs with U87-GFP cells (6 × 10^5^ cells per site in a volume of 60 μL). When the tumors grew to around 0.2 cm in diameter (about 4 days), the mice were randomly divided into two groups for intratumoral injection. One group was injected with PBS on the left and with linear siRNAs (SG/AG) on the right side, respectively. Another group was injected with caged circular siRNAs (SG/c-AG) on both sides. For each injection, 3 nmol linear siRNAs (SG/AG) or caged circular siRNAs (SG/c-AG) was mixed with 20 μL transfection reagent (Entranster-*in vivo*; Engreen, Beijing, China) *in vivo* and then incubated for 15 minutes at room temperature. The volume of each injection was 60 μL. All injections were in accordance with the manufacturer's instructions. 4 h after injection, the mice injected with the caged circular siRNA were fixed on a table and their left tumors were irradiated using a UV-LED lamp (365 nm, 7 mW cm^--2^) for 3 minutes, whereas other parts of the body were covered by tinfoil to avoid light exposure. The irradiated mice were then marked and returned to live with other mice in the group. These mice were then imaged at different time points (0 h, 12 h, 24 h and 48 h) using Maestro Automated *In Vivo* Imaging system. Then tumor fluorescence was quantified under the same parameters, and the fluorescence intensity of tumors at different time points was normalized to that of each mouse at just before the siRNA injection. The facility is in keeping with national standard "Laboratory Animal---Requirements of Environment and Housing Facilities" (GB 14925---2001). The care of laboratory animals and animal experimental operation conform to "Beijing Administration Rule of Laboratory Animal" and was approved by the Animal Care and Use Committee of Peking University.

Results and discussion
======================

Synthesis and purification of caged circular siRNAs
---------------------------------------------------

In our previous study, caged antisense oligonucleotides were synthesized by first coupling with photolabile *o*-nitrophenyl glycol phosphoramidite, followed by coupling of MMT--NH--C6 phosphoramidite.[@cit21],[@cit30] The MMT group was then removed to release free amine for the coupling reaction with succinic anhydride to introduce carboxylic acid for the cyclization of oligonucleotides. Here we simplified the procedure through a single step coupling reaction, in which a new photolabile phosphoramidite linker (**PL**, [Table 1](#tab1){ref-type="table"}) was designed to introduce carboxylic acid at the 5′ terminal of single-stranded RNA for cyclization. A 5′ phosphate group was generated in the activated siRNA after **PL** was removed upon light activation. As shown in Scheme S1,[†](#fn1){ref-type="fn"} **PL** was readily synthesized in five steps with 37.6% yield through Grignard reagent exchange and coupling,[@cit50],[@cit51] *o*-Cl-trityl protection of carboxylic acid, ketone reduction and phosphoramidition.

To introduce an amine group at the 3′ terminal of the RNA strand, 5′-DMT-T (C6 amino)-succinyl-CPG was used as the first nucleotide of the sequence, which contains a 3′ terminal amine with no effect on the 3′ terminal hydroxyl group. After RNA synthesis, the photocleavable phosphoramidite linker (**PL**) was coupled to the RNA sequence as the last coupling monomer according to the standard RNA synthesis procedure in DMT-off mode. Raw oligonucleotides containing the 3′ amine and 5′ acid functional groups were obtained after cleavage and deprotection with concentrated ammonium hydroxide, followed by removal of TBDMS on RNA nucleotide monomers with TEA^.^3HF solution and RP-HPLC purification. The obtained single-stranded RNA was then cyclized with the formation of an amide bond (Fig. S1[†](#fn1){ref-type="fn"}) and the yield of isolated circular RNA is around 20%.

The caged circular RNA oligonucleotides were purified by RP-HPLC, as shown in Fig. S2.[†](#fn1){ref-type="fn"} However, when the collected peaks were further analyzed by PAGE, the presence of a tiny amount of single stranded starting RNA was still observed. Due to the fact that the pathway of siRNA is a catalytic process, the existence of even a small amount of linear siRNA may result in an obvious RNAi effect. We then chose to purify these caged circular RNAs through PAGE gels as shown in Fig. S3.[†](#fn1){ref-type="fn"} Compared to linear RNAs, the circular RNAs ran faster in PAGE gel, therefore facilitating further purification of the caged circular RNAs. The caged circular single-stranded RNA was then collected and analyzed by ESI-MS in negative mode \[1% TEA in H~2~O/CH~3~CN (50 : 50)\] as listed in Tables S1 and S2.[†](#fn1){ref-type="fn"} With the addition of an equal amount of complementary RNA, the caged circular siRNA was annealed and evaluated in this study.

Photocleavage of caged circular single-stranded RNAs
----------------------------------------------------

In order to find an appropriate irradiation time to efficiently cleave the photolabile linker, the single stranded caged circular RNA strand was treated by light irradiation to recover the corresponding linear RNA (Scheme S2[†](#fn1){ref-type="fn"}). Upon light irradiation (0, 1, 2, 3, 4, 5 and 6 min), the irradiated samples were then subject to gel analysis. [Fig. 2](#fig2){ref-type="fig"} shows that the band of caged circular RNA decreased gradually and almost completely disappeared in 5 min. Simultaneously, the recovered linear RNA increased gradually and reached a maximum at around 5 minutes under our photolysis conditions, and no further improvement was observed even with a longer irradiation time. Under the same light irradiation condition, cell viability was also evaluated using MTT assay, revealing no significant toxicity within the 3 min light irradiation interval (Fig. S5[†](#fn1){ref-type="fn"}).

![PAGE (20%) analysis of the photocleavage ability of a caged circular single-stranded RNA (2 μM, c-AL) in 1× PBS buffer (pH 7.2). The caged RNA was irradiated using a UV-LED lamp (365 nm, 7 mW cm^--2^) for 0, 1, 2, 3, 4, 5 and 6 minutes. The charts are percentages of the circular and cleaved RNAs upon light irradiation at different time intervals after gel was quantified with ImageQuant.](c7sc03842a-f2){#fig2}

Serum stability of the caged circular siRNA duplex
--------------------------------------------------

To evaluate the improvement of the serum stability of the caged circular siRNAs, the caged circular siRNA and linear siRNA duplexes were treated with fetal bovine serum (FBS). During 2 h treatment, aliquots were sampled at regular intervals, quickly frozen and stored for gel-shift analysis. When incubated in 30% FBS at 37 °C, the control linear siRNA (PC) started to be degraded in the first half hour with an obvious degradation band, as shown in [Fig. 3](#fig3){ref-type="fig"}. However, for the caged circular siRNA duplex (SL/c-AL), only a tiny amount of siRNA digestion occured in 4 hours, which indicated that the caged circular RNA was more resistant to FBS treatment. Therefore, we concluded that caged siRNA duplexes are stabilized by their circular structure in a biological environment.

![Serum stability of the caged circular siRNA (SL/c-AL) and control linear siRNA (PC) was analyzed with 30% fetal bovine serum (FBS). Aliquots were sampled at regular intervals, quickly frozen and stored for native PAGE gel-shift analysis.](c7sc03842a-f3){#fig3}

Gene silencing potency of caged circular siRNAs
-----------------------------------------------

The gene silencing potency of the caged circular siRNAs was evaluated together with their linear counterpart (PC) using a well-established dual-luciferase assay.[@cit49] Caged circular siRNA duplexes (c-SL/AL and SL/c-AL, [Table 1](#tab1){ref-type="table"}) and control siRNA (PC) were transfected to cultured HEK293 cells at a final concentration of 1 nM, together with a fusion firefly luciferase vector carrying its target site and a *Renilla* luciferase vector serving as an internal control. Two sets of experiments were carried out under the same conditions except for light activation. After 4 hours of transfection, one set of experiments was subject to light irradiation for 3 minutes to activate the caged circular siRNA, while the other set was untreated and kept in dark conditions, serving as a control. As expected, no siRNAs induced gene silencing of *Renilla* luciferase under both irradiation and non-irradiation conditions, which indicated that light had no obvious off-target effect on gene expression under the current assay conditions (Table S3[†](#fn1){ref-type="fn"}). Instead, PC siRNA (positive control for firefly luciferase) showed efficient inhibition of firefly luciferase activity ([Fig. 4](#fig4){ref-type="fig"}). The caged siRNA duplex (c-SL/AL) with a circular sense strand RNA has significant basal activity for silencing firefly luciferase with or without light activation. For the caged siRNA with a circular antisense guide strand (SL/c-AL), RNAi activity was effectively inhibited before light irradiation. Upon light irradiation, the ring of caged circular siRNA was opened and siRNA was activated, inducing a 2.4 fold enhancement of the gene silencing potency. However, full recovery of siRNA activity was not restored. This is probably due to the blocking effect of the large residue of the photolabile moiety and long linker.

![Photomodulation of firefly luciferase expression in HEK293 cells with caged circular siRNAs using a dual-luciferase assay. "PC", positive control; "c-SL/AL", caged sense stranded siRNA; "SL/c-AL", caged antisense stranded siRNA. The data were averaged in triplicate and all the experiments were repeated three times.](c7sc03842a-f4){#fig4}

In this study, we observed quite a strong inhibition of firefly luciferase activity with the caged siRNA duplex c-SL/AL even before light activation. According to our design, both the c-SL/AL and c-AL/SL have the same sequence. When they paired with their complementary RNA strand, they should form a similar circular structure and function similarly in RNAi-based gene silencing. However, different gene silencing abilities were found. We then tried to analyze the caged circular siRNA duplex. Equal amounts of caged circular RNA and its complementary strand were annealed and the duplex was run in a native PAGE gel at 37 °C. As shown in Fig. S4,[†](#fn1){ref-type="fn"} we did observe two bands on the gel. RNAs from both bands were recollected and were then subject to another round of PAGE analysis. Surprisingly, both fragments were divided into the same two bands again on the gel. These results indicated that these two fragments were two interchangeable conformers of the caged circular siRNA, similar to the previously predicted circular DNA duplex.[@cit52] This phenomenon also exhibited similarity with our previous observation, where multiple bands showed up when a 40 mer RNA binds to a circular 20 mer DNA on native PAGE gel.[@cit26] In addition, for the circular siRNA duplex, each strand of the siRNA duplex has another two additional unpaired dangling thymidines, which may cause a very crowded region and charge repulsion between phosphate groups of the two ends and can further decrease the thermostability of the caged circular siRNA duplex. This observation is confirmed by the *T*~m~s of the linear siRNA and circular siRNA duplexes (Fig. S5[†](#fn1){ref-type="fn"}). The *T*~m~ of linear siRNA (SL/AL) was 70 °C with the standard melting curve of a complementary duplex. However, the melting curve of circular siRNA (c-SL/AL) displayed a gradual increase of UV absorption at 260 nm from 30 to 85 °C, indicating that dissociation of two RNA strands of the circular siRNA happened at around 30 °C. So if the noncircular RNA strand is the antisense guide strand of the siRNA duplex (c-SL/AL), it is possible that the antisense guide strand will leave its circular partner and form a more stable RNA duplex with its target mRNA which triggers RNA interference even though no light irradiation is applied.

To confirm the generality of gene silencing with the caged circular siRNAs and overcome the blocking effect of the large residue of terminal modified thymidine, circular siRNA for GFP was redesigned using another photolabile linker (1-nitrobenzyl 1,2-glycol, PL2) and was synthesized through enzymatic cyclization. The phosphoramidite of this PL2 linker could be inserted in the middle of the RNA sequence in solid phase synthesis. The obtained modified RNA with a 5′ terminal phosphate group was then enzymatically cyclized to form circular RNA. After light activation, linear RNA was recovered with only a small residue at the 3′ terminal of RNA, which had little effect on siRNA activity (Scheme S2[†](#fn1){ref-type="fn"}). A caged circular antisense RNA strand of GFP-targeting siRNA was then prepared and hybridized with its complementary sense RNA, which was used for GFP gene photoregulation in cells. HEK293 cells were cotransfected for 4 hours with pEGFP-N1 and pDsReds-N2, as well as SG/AG or SG/c-AG (Table S2[†](#fn1){ref-type="fn"}). Two sets of experiments were performed with or without brief light activation. After another 20 hours of incubation, the cells were imaged and GFP/RFP expression was quantified by flow cytometry with RFP gene expression as an internal control. As expected, GFP and RFP expression were not affected by light irradiation in both negative and positive control experiments ([Fig. 5A](#fig5){ref-type="fig"}) which proved that the regulation of GFP and RFP expression was genetically specific. Fluorescence images showed that there were tremendous contrasts on the GFP expression in the set of caged circular siRNAs (SG/c-AG) with or without light irradiation. It is clear that the fluorescence intensity of cells with SG/c-AG transfection was similar to that of the negative control cells before light irradiation. However, after exposure to UV light, the cellular fluorescence intensity turned to the level of the positive control cells. As shown in [Fig. 5B](#fig5){ref-type="fig"}, the GFP expression level in cells transfected with GFP siRNA (SG/AG) at a 2.5 nM concentration was reduced to 34% of negative control cells ([Fig. 5B](#fig5){ref-type="fig"}). In the presence of caged circular siRNAs (SG/c-AG), almost no effect could be observed on GFP expression in the absence of light irradiation. This displays the inactivity of the caged circular siRNA in the cells. However, its gene silencing activity was recovered to the level of the corresponding linear siRNA after brief light activation. The dose dependency of uncaged siRNA on GFP gene silencing was also observed with more than 3 fold photomodulation of GFP gene silencing using SG/c-AG siRNA (10 nM), which indicated that our caged circular siRNA strategy is a new way to photomodulate gene expression in cells.

![Photomodulation of GFP expression in HEK293 cells cotransfected with pEGFP-N1, pDsRed-N1, and caged circular siRNAs (SG/c-AG). Cells were irradiated for 3 min (365 m, 7 W cm^--2^) or kept in the dark. (A) Cells were imaged using automatic inverted fluorescence microscopy with GFP and RFP channels and the scale bars represent 100 μm; (B) dose effect on photomodulation of GFP expression quantified through cell flow cytometry. The concentration of PC siRNA (SG/AG) was fixed at 2.5 nM. All the experiments were repeated three times; (C) the spatial regulation of GFP expression with patterned irradiation (left side view) and the scale bar represents 100 μm.](c7sc03842a-f5){#fig5}

Furthermore, the spatial control of GFP expression using caged circular siRNA (SG/c-AG) was tested. GFP/RFP plasmids and SG/c-AG were cotransfected to cells and then half of the cultured plate was irradiated to activate the caged circular siRNA. The cells were further incubated for another 20 h and were then imaged by automatic inverted fluorescence microscopy. As shown in [Fig. 5C](#fig5){ref-type="fig"}, GFP expression in the irradiated region was virtually silenced. Nevertheless the non-irradiated cells retained normal GFP expression activity. This result confirmed that our caged circular siRNA strategy has great effectivity on the spatial control of gene expression.

Photoregulation of GFP expression *in vivo* using caged circular siRNA
----------------------------------------------------------------------

Based on the promising results of cell studies, we further applied the caged circular siRNA for photomodulation of GFP gene expression in mice ([Fig. 6](#fig6){ref-type="fig"}). An *in vivo* xenograft tumor model with U87-GFP cells was established with two tumors in each mouse. When the tumors grew to around 0.2 cm in diameter, PBS or linear or caged circular siRNAs (SG/c-AG or C-siRNA) were injected into the tumors. For the group injected with SG/c-AG, the left tumor was then tested with brief light exposure. The mice were imaged using Maestro Automated *In Vivo* Imaging system and the fluorescence intensity of the tumors was quantified at different time points. As expected, GFP expression in tumors gradually increased in the PBS injected mice as time went on, even with the same light exposure (Fig. S6[†](#fn1){ref-type="fn"}). For the tumors injected with linear siRNAs (SG/AG), an expected fluorescence decrease was observed after siRNA injection, but the tumor fluorescence intensities gradually returned to their original level over 48 h ([Fig. 6B](#fig6){ref-type="fig"}). For the tumors injected with caged circular siRNA (SG/c-AG or C-siRNA) shown in [Fig. 6](#fig6){ref-type="fig"}, fluorescence images indicated that there was a significant difference in the GFP expression with or without light irradiation ([Fig. 6A](#fig6){ref-type="fig"}).

![Photomodulation of GFP expression *in vivo* for the xenograft tumor model with U87-GFP cells using caged circular siRNA (SG/c-AG). (A) Typical *in vivo* real-time fluorescence imaging at the indicated time points after intratumor injection of caged circular siRNAs on both sides, and the left side tumor was exposed to light for 3 min at 4 h after injection. (B) Normalized GFP intensity bar chart of tumor GFP fluorescence after intratumor injection of PBS (1 mM), linear siRNA or caged circular siRNA with or without light irradiation. Mean and SD values are from experiments performed in four mice.](c7sc03842a-f6){#fig6}

In the absence of light irradiation, the GFP fluorescence intensity of the tumor decreased only slightly, then quickly recovered and surpassed the original GFP level. In comparison, upon exposure to UV light, the caged circular siRNA was uncaged and further down-regulated GFP expression efficiently with the same potency as that of linear siRNA after a single intratumor injection of siRNA. These tumors were then isolated after 48 hours and further imaged. The data indicated the more obvious observation of GFP silencing using caged circular siRNA for photomodulation of gene expression *in vivo* (Fig. S7[†](#fn1){ref-type="fn"}).

Conclusions
===========

We designed and synthesized a new type of caged siRNA with a circular structure. These caged circular siRNAs showed increased stability to serum. Upon light exposure, these caged circular siRNAs were converted to the linear version of the siRNAs containing a 5′ phosphate group, with no need for further enzymatic phosphorylation. Different RNA induced gene silencing activity was observed for caged siRNAs with circular sense RNA or circular antisense RNA. A caged siRNA duplex with a caged circular sense RNA strand showed gene silencing activity even though no light was applied to open the circle of RNA. However, target gene expression (both firefly luciferase and GFP) was efficiently photomodulated for caged siRNAs with circular antisense RNAs. Further investigation on the formation of caged circular RNA with its complimentary RNA strand indicated that two interchangeable conformations of these circular siRNA duplexes existed. The circular siRNA duplex was thermodynamically less stable than the corresponding linear duplex and target RNA may compete to bind to the antisense RNA strand, which triggers RNAi activity. Further results indicated that the caged circular siRNA could be used to photomodulate siRNA induced gene silencing in a mouse tumor model. We expect that the optimized caged circular siRNA as a new addition to the caged siRNA family will be promising for practical applications in gene therapy in the future.
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